In vivo studies of human brain cellular function face challenging ethical and practical difficulties. Animal models are typically used but display distinct cellular differences. One specific example is astrocytes, recently recognized for contribution to neurological diseases and a link to the genetic risk factor apolipoprotein E (APOE). Current astrocytic in vitro models are questioned for lack of biological characterization. Here, we report human induced pluripotent stem cell (hiPSC)-derived astroglia (NES-Astro) developed under defined conditions through long-term neuroepithelial-like stem (ltNES) cells. We characterized NES-Astro and astrocytic models from primary sources, astrocytoma (CCF-STTG1), and hiPSCs through transcriptomics, proteomics, glutamate uptake, inflammatory competence, calcium signaling response, and APOE secretion. Finally, we assess modulation of astrocyte biology using APOE-annotated compounds, confirming hits of the cholesterol biosynthesis pathway in adult and hiPSC-derived astrocytes. Our data show large diversity among astrocytic models and emphasize a cellular context when studying astrocyte biology.
INTRODUCTION
Over the last decades the neuronal view of brain function has become more complex, recognizing the important role of astrocytes in the regulation of neuronal circuits, in addition to their previously identified support function (De Pittà et al., 2016) . The identification of an increasingly diverse set of astrocytic functions has created a need for improved models of high relevance for astrocyte biology to better define their contribution to brain function, embryonic development, and neurological diseases. As human astrocytes display clear differences compared with mouse astrocytes in morphological complexity (Oberheim et al., 2009) , transcriptomic profile (Zhang et al., 2016) , and inflammatory response (Tarassishin et al., 2014) , animal model-derived data may be of limited relevance. Astrocytes may also be important as part of preclinical pharmacological screening strategies for prevalent neurological disorders in which astrocyte function may be impaired. Historically, high failure rates of drug candidates in clinical trials for neurological diseases, such as Alzheimer's disease (AD) (Cummings et al., 2014) , in combination with a recognized possible role of astrocytes in AD (Yu et al., 2014) , creates a need for specific human cellular astrocyte models. A realistic astrocyte model should at least represent four key astrocytic features: the uptake of the neurotransmitter glutamate, essential for synapse dynamics; inflammatory response to trauma; calcium signaling response to neurotransmitters; and the secretion of apolipoprotein E (APOE), a lipid and cholesterol transporter in the brain (Khakh and Sofroniew, 2015; Bazargani and Attwell, 2016; Yu et al., 2014) . In neurological diseases such as AD, the 34 variant of the APOE-encoding gene, APOE 34, has been shown to be the strongest genetic risk factor for non-familial AD (the common, sporadic form of the disease). The precise molecular mechanism underlying this association is currently unknown, but stimulating APOE secretion from astrocytes has been proposed as a potential therapeutic target (Yu et al., 2014) .
Astrocytic functional studies in vitro use cells from various cell sources including the current ''gold standard'' primary fetal (Malik et al., 2014) or primary adult (Zhang et al., 2016) astrocytes. However, due to the ease of culture and greater availability, immortalized astrocytoma cell lines have been used in multiple screening applications (Fan et al., 2016; Finan et al., 2016) . Moreover, since the (legend continued on next page) development of human induced pluripotent stem cell (hiPSC) technology (Takahashi et al., 2007) there have also been an increasing number of published protocols for directed differentiation of hiPSCs toward astrocytes (Chen et al., 2014; Gupta et al., 2012; Kondo et al., 2013; Krencik et al., 2011; Palm et al., 2015; Santos et al., 2017; Serio et al., 2013; Shaltouki et al., 2013) .
Cellular models for high-throughput screening (HTS) need high reproducibility, efficient upscaling, and short lead times, which can be fulfilled by glioma cell lines but whose biological relevance can be questioned (Auvergne et al., 2013) . Primary neuronal cells are generally seen to have high biological relevance but do not normally meet other HTS criteria. hiPSC-derived astrocytes provide a promising source of astrocytes for screening models, but generally the protocols are extensive (Krencik et al., 2011) and use undefined conditions (Kondo et al., 2013) , introducing variability. Additionally, besides technical and biological challenges there are stringent policy guidelines that need to be adhered to when pharmaceutical companies are to use cellular models for drug screening, limiting the use of fetal tissue and human embryonic stem cells (hESCs).
The aim of the present study was to evaluate the biological relevance and potential model diversity between commercial astrocytic models available for pharmaceutical industry in relation to hiPSC-derived models. We included primary human adult astrocytes (HMP202-4014, Neuromics), an astrocytoma cell line (CCF-SSTG1, ATCC), and a commercial hiPSC-derived astrocytic model (iCell Astrocytes, Cellular Dynamics International). However, none of these cellular systems were fully defined. In addition, we assessed whether long-term self-renewing hiPSCderived neuroepithelial-like stem cells (ltNES) (Falk et al., 2012) , previously used for undirected neuron and glia differentiation studies (Shahsavani et al., 2017; Tailor et al., 2013; Zhang et al., 2014) , could be adapted for directed glia differentiation under fully defined conditions to generate a robust and functional astrocytic model applicable for HTS. To characterize model biology and identify key features of each model, we combined transcriptomic and proteomic profiling with astrocyte-associated functional assays. To assess the possibility of direct application into a pharmaceutical setting, we also performed a pilot screen of 10 compounds, modulating APOE secretion, in an HTS setting. The outcome will be of critical value to guide in the selection of appropriate astrocyte models for various biological questions and HTS.
RESULTS

Efficient and Robust Generation of hiPSC-Derived Astroglia from a Neural Progenitor State
Since the majority of existing protocols for hiPSC-derived astrocytes are dependent on fetal bovine serum (FBS) (Kondo et al., 2013; Santos et al., 2017; Serio et al., 2013; Shaltouki et al., 2013) , we adapted previously published protocols to try and meet the requirements of a fully defined cellular system ( Figure 1A ). Looking for a stable phenotypic and cryopreservable intermediate model we chose ltNES, which can be generated from multiple hESC and hiPSC lines (Falk et al., 2012) , despite patient genomic background variation. ltNES can also be cultured up to 100 passages with maintained proliferation capacity, stable neuronal and glia differentiation propensity, and the characteristic ltNES transcription profile (Falk et al., 2012) , enabling extensive qualitative upscaling. In this study we used three ltNES cell lines derived from three individuals differing in age and gender ( Figure 1B ). All ltNES lines were homogenously positive for neural stem cell markers SOX1, SOX2, and NES ( Figures 1C-1F and S1A), and displayed similar proliferation characteristics ( Figure S1B ). To assess astroglia protocols we first focused on the wellestablished AF22 line, which resulted in the adaptation of a previously published protocol (Shaltouki et al., 2013) . Astroglia differentiation was initiated by exposing ltNES (AF22) to a growth factor cocktail including fibroblast growth factor 2 (FGF2), heregulin-1b, insulin-like growth factor 1 (IGF1), and activin A, while culturing on a double extracellular matrix coating of poly-L-ornithine (PLO) and laminin (hereafter called the FHIA protocol) ( Figure 1A ). During the differentiation there was a significant morphological change from the triangular ltNES shape to a stellate morphology in combination with a non-overlapping cellular domain profile ( Figures 1G-1K and Movie S1), similar to what is seen in vivo (Oberheim et al., 2009) . Doubling time was unchanged during the first periods (C-E) Immunocytochemical staining for SOX1 (C), SOX2 (D), and NES of ltNES (AF22) (E) culture. (F) Image-based quantification of ltNES (AF22) population marker expression. (G-K) Bright-field imaging over the time course of NES-Astro (AF22) differentiation time points day 0 (d0) (G), d7 (H), d24 (I), d21 (J), and d28 (K). (L) Doubling time during the differentiation periods (d0-d7), (d8-d15), (d16-d21), and (d22-d28) (n = 6 for each period, p < 0.001). (M) Real-time qPCR of mRNA expression for glia-associated genes at differentiation time points d3, d7, d14, d21, and d28. Data shown from independent experiments, n = 3, mean ± SEM. Statistical analysis: one-way ANOVA (K and L); *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars, 300 mm.
(day 0 [d0] to d7, d8-d15, d16-d21), but significantly shifted in the last period (d22-d28) ( Figure 1L ). A basal characterization of the glial development was performed during the differentiation process, showing increasing and significantly higher levels of glia-and astrocyte-associated markers at day 28 compared with day 3 ( Figure 1M ). Exploring the possibility for future clinical adaptation, we simultaneously assessed a complete animal-free component system (FHIA521 protocol) showing very similar developmental profiles ( Figure S1C ). We also assessed and show that NES-Astro (AF22) at day 28 can be cryopreserved with high post-thaw viability of 90.6% ± 1.9% (n = 3) ( Figures S1D and S1E ), facilitating instant post-thaw application.
In conclusion, we validated that ltNES show similar basic neural stem cell marker expression and equal proliferation profiles across hiPSC line origins. Applying a completely defined differentiation medium and coating system to ltNES (AF22) initiated glia differentiation with expression of common glia and astrocytic markers, developing into an NES-Astro (AF22) phenotype at day 28 of differentiation.
Transcriptomic Diversities between Astrocyte Models
To investigate astrocyte model diversity, we included three commercially available astrocytic models representing different cell sources: human primary adult astrocytes (phaAstro), astrocytoma cell line CCF-STTG1 (CCF), and hiPSC-derived astrocytes from Cellular Dynamics International (iCellAstro). Additionally we also included our NES-Astro model together with its parental cellular origin, ltNES, representing a non-astrocytic model. NES-Astro and ltNES were from three individual hiPSC lines, AF22, C1, and C9, respectively. Initially, to assess astrocytic marker expression and to identify possible differences between the cellular models, RNA sequencing (RNA-seq) was performed followed by subsequent differential analysis ( Figure S2A ).
Principal component analysis (PCA) (Figure 2A ) showed five separate clustered groups reflecting the differences between the five main model types used in this study. Additionally, the PCA results showed a high homogeneity between ltNES lines generated from various donors, but more importantly a high reproducibility of our FHIA protocol by the tight clustering between the NES-Astro lines of different genotypes.
Moreover, Pearson correlation analysis ( Figure 2B ) between models using all coding genes confirms the results of the PCA analysis, but also shows a higher correlation between phaAstro and CCF compared with the hiPSC-derived models. These differences could potentially be attributed to the process of primary isolation and hiPSC derivation.
Gene-pair correlations ( Figure 2C ) extracted the top gene pairs representing the largest diversities across models. This resulted in a selection of 396 gene pairs out of 19,522 with a correlation of r = j0.000001j ( Figure S2B ; Tables S2 and S3) .
We analyzed the gene counts with DESeq2 (Love et al., 2014) and the obtained fold changes, using phaAstro as a reference sample, were visualized in a heatmap ( Figure 2D ) to highlight the differences in gene expression levels between the models. To determine whether any of the models had a more profound astrocytic profile, we analyzed in more detail 25 genes commonly associated with mouse and human astrocytes (Zhang et al., 2016) , fetal astrocytes (Malik et al., 2014) , hpNPC (human primary neural progenitor cell)-derived astrocytes (Magistri et al., 2016) , and hiPSC-derived astrocytes (Pei et al., 2016) . However, none of the studied models had a uniform high expression of the 25 genes ( Figure 2E ). Comparing the selected list of 25 genes with single-cell transcriptomic astrocyte profiling (Darmanis et al., 2015; Spaethling et al., 2017) showed similar heterogeneity in gene expression across models (Table S4 ). However, a notable pattern was that functional astrocyte-related receptors such as SLC1A3, SLC1A2, AQP4, RYR3, and KCNJ10 were highly expressed in NES-Astro compared with the other models ( Figure 2E ).
In conclusion, transcriptomic analysis revealed clear differences between astrocytic models but that there was no single model that homogeneously correlate with the vast literature on astrocyte marker profiles.
Glia-Associated Protein Profiles Specify Cellular Models
We next studied protein expression by immunocytochemistry (ICC) to assess both expression and cellular localization of cytoplasmic proteins, receptors, transcription factors, and intermediate filaments associated with a glial cell type. We also included HEK293 cells as a non-neuronal model. Bright-field images reveal distinct morphology differences ( Figure S3A ), which is also captured with staining for CD44, FABP7, S100B, GFAP ( Figures 3A-3X ), SOX9, NFIA, SOX2, NES, and VIM ( Figures S3B-S3F ). Image-based quantification highlighted the heterogeneity in marker expression ( Figure 3Y and Table S5 ). CD44, a common glial marker, was expressed in all astrocyte models (Figures 3A-3D and S4A) but not in ltNES nor in HEK293 cells (Figures 3E and 3F) , thus showing a discriminative expression profile. However, of the markers studied, CD44 was the only one that was able to make the distinction between all astrocytic-and non-astrocytic models. S100B was homogenously expressed in phaAstro, CCF, and NES-Astro, but not in iCellAstro . The common astrocyte classifier, GFAP (glial fibrillary acidic protein), was surprisingly only expressed at low level in iCellAstro (average 8%, Figure 3Y ), and not detected in other models ( Figures 3S-3X ). This was consistent using multiple different GFAP antibodies ( Figure S3G ). The glia-associated transcription factor, NFIA (nuclear factor I-A) was expressed in 70% of the cell populations across astrocyte models ( Figure 3Y ). This was also seen for SOX9, except in iCellAstro that showed a lower expression (Figures 3Y , S3C, and S3D). Differential expressions of NES, VIM, and CD44 were small, but differences in signal intensity could be observed between models ( Figure S3H ). NESAstro (AF22) shared similar protein expression profiles Table S6 for DEseq2 expression of the proteins studied. Data shown are as mean ± SEM. For images analyzed (n = 11-18), see Table S5 for additional details. Scale bars, 300 mm. (legend continued on next page) with NES-Astro (C1) and NES-Astro (C9) (Figures S4A-S4I ), verifying the robustness and consistency in the FHIA protocol also at the protein level. Additionally, applying the complete animal-free FHIA521 protocol generated NES-521Astro with a protein profile similar to that of the regular FHIA protocol (Figures S4A-S4I) . NES-Astro, consistently across multiple cell lines, was the model that displayed most of the glia-associated proteins, and also the only model expressing FABP7 (Figures 3J and S4B) .
The expression of glial markers was heterogeneous across models. NES-Astro (AF22/C1/C9) models were the only ones that expressed all astrocytic markers, except for GFAP, which surprisingly was only detected in iCellAstro.
Astrocyte-Associated Glutamate Transporter Responsible for Uptake in NES-Astro
The lack of conclusive and consistent human astrocyte marker profiles might reflect the complexity of various astrocytic functions (Khakh and Sofroniew, 2015) , hence making it difficult to validate model representation. Characterization of astrocytic models therefore needs to assess astrocytic function, such as uptake of extracellular glutamate, critical for maintaining synaptic signaling and avoiding excitotoxicity. The two excitatory amino acid transporters, SLC1A2 (EAAT2, Glt-1) and SLC1A3 (EAAT1, Glast) are considered the main astrocyte glutamate transporters (DeSilva et al., 2012; Sosunov et al., 2014) . Evaluating the activity of these transporters showed that they were expressed on an RNA level in all neural samples (all cell lines except HEK293), while the translation into protein was only observed in the NES-Astro (AF22/C1/C9) models (Figures 4A and S5A) . To validate whether either SLC1A2 or SLC1A3 were functionally active and contributed to the uptake of glutamate, we treated all cellular models with the SLC1A2 inhibitor WAY213613 or the SLC1A3 inhibitor UCPH101. The SLC1A3 inhibitor showed a significant effect on glutamate uptake in the NES-Astro (AF22/C1/C9) models ( Figure 4B ). To evaluate active uptake, we performed a time-course experiment including six time points over 60 min whereby we identified an acute recovery phase within the first 10 min for all cellular models. However, compared with the other models, NES-Astro (AF22/C1/C9) were the only models having continued uptake from 10 min onward as reflected by the significantly higher positive regression coefficient ( Figure 4C ). SLC1A2 contribution to glutamate uptake could not be demonstrated ( Figure 4C ), which could be explained by no or delocalized protein expression of SLC1A2 (NES-Astro C1/C9) ( Figure S5B ).
Glutamate transporter SLC1A3, which contributes to glutamate uptake, was detected at the RNA level across all models. However, NES-Astro (AF22/C1/C9) was the only model that displayed a strong protein expression at the cellular membrane, where it also contributed functionally to active glutamate uptake.
Inflammatory Activation
Neuropathologies may cause astrocyte reactivity specific to the type and degree of the insult, highlighting the context dependency (Sofroniew, 2015) . Inflammatory responses have been studied in hPSC-derived astrocytes (Santos et al., 2017; Tcw et al., 2017) as well as in human fetal primary astrocytes (Santos et al., 2017) . To assess whether the models in this study could be used for studying inflammatory responses, we used tumor necrosis factor a (TNF-a) and interleukin-1b (IL-1b) as pro-inflammatory stimulation to evaluate IL-6 and IL-8 secretion. All models, including non-astrocytic models, responded to treatment with the inflammatory cytokines TNF-a and IL-1b by secretion of IL-8 ( Figures 4D-4F) . The responses were different in treatment dosing and exposure time, but also showed differences in secretion concentration levels of 4 orders of magnitude. Importantly, the basal level of IL-8 and IL-6 secretion during vehicle treatment, representing non-stimulated conditions, displayed the same concentration difference. While HEK, ltNES (AF22/C1/C9), and NESAstro (AF22/C1/C9) had close to zero secretion, iCellAstro, CCF, and phaAstro secreted between 400 and 18,000 pg/1,000 cells during non-stimulating conditions (Figure 4G) . NES-Astro (AF22/C1/C9) displayed a significantly higher immune activation compared with their source cells during both TNF-a and IL-1b treatment. However, there was no significant difference between NES-Astro and ltNES during vehicle conditions ( Figure 4D ), demonstrating a complete inflammatory inactive state. NES-Astro also showed a dose-dependent response to TNF-a and IL-1b, not observed in ltNES (Figure 4D were observed to be less frequent. Across models a significant IL-6 response was more frequently observed for higher stimulant concentration at 48 hr than for lower stimulant concentration ( Figure S5D) .
Together, these data show that the NES-Astro (AF22/ C1/C9) model is immune competent and consistently shows a dose-dependent response of IL-8 to TNF-a and IL-1b treatment, which was only observed sporadically in the other astrocytic models. There are very large cytokine concentration differences between models, in both inflammatory activated states but also in non-stimulated conditions, whereby NES-Astro is shown to possess unmeasurable cytokine secretion in contrast to the other astrocytic models.
Calcium Signaling Response
Astrocytes are known to respond to synaptic release of glutamate and ATP through increased intracellular calcium levels (Bazargani and Attwell, 2016; Zhang et al., 2016) . Slow calcium signal activation in human astrocytes has previously been reported using hPSC-derived and primary astrocytes in response to mechanical (Krencik et al., 2011; Santos et al., 2017; Serio et al., 2013) , ATP (Serio et al., 2013) , and glutamate (Tcw et al., 2017) stimulation. We used FLIPR Calcium 5, a calcium-sensitive dye, to study whether the astrocyte models were calcium signaling responsive to injection control (shear stimulation) or 3 mM ATP or 3 mM glutamate. Stimulation was followed by time-lapse acquisition of calcium-induced fluorescence ( Figure 5A ). We found that NES-Astro (AF22/C1/C9) and phaAstro responded with a significant response to ATP compared with the injection control, whereas only the NES-Astro (C1/C9) responded to glutamate stimulation ( Figures 5B and 5C ). NES-Astro (AF22) and phaAstro had a fraction of approximately 60% ATP-responding cells, and NES-Astro (C1/C9) had up to 90% ATP-responding cells. Additionally, NES-Astro (C1/C9) had 83% and 66% calcium glutamate-responsive cell populations, respectively ( Figure 5D ). NES-Astro (C1) showed a homogeneous functional diversity, having the same fraction of ATP-and glutamate-responsive cells ( Figure 5D ), making it possible to study treatment response patterns as previously reported for human primary adult and fetal astrocytes (Zhang et al., 2016) . Single-cell analysis revealed that compared with glutamate, ATP induced an increased number of cellular responses for a longer period ( Figures  5E and 5F ), which corroborates previous findings (Zhang et al., 2016) .
In summary, the ATP-and glutamate-induced calcium responses recapitulates previous patterns observed following ATP and glutamate stimulation (Zhang et al., 2016) . We could, however, also conclude that there is a large variability in calcium responsiveness between models.
Models Display Large Variability in Activity of APOEModulating Compounds
Given the importance of APOE to astrocyte biology and neurological disease, we analyzed the transcriptomic differences between the models of APOE-associated genes (Figure S6A ) enriched in the brain ( Figure 6A) . Additionally, by assessing basal APOE levels in cell media we observed that astrocyte models have a significantly higher secretion compared with the neural stem cells ( Figure 6B ). Next, we wanted to extend the transcriptomic, proteomic, and functional characterization to also study basic modulation of astrocyte biology in relation to APOE secretion. A pilot screen was performed ( Figure S6B ) to find out whether previous findings of APOE-modulating compounds could be captured in any of our astrocyte models (Fan et al., 2016; Finan et al., 2016) . Compounds with a known APOEmodulating effect were evaluated together with two glucocorticoid receptor modulators serving as negative controls ( Figure 6C and Table 1 ). The astrocytoma cell line CCF, used as a positive control and for Z 0 calculations ( Figure S6 ), showed high fold changes in response to liver X receptor (LXR) agonists Tularik and GW3965. The histone deacetylase (HDAC) annotated compound, MS-275, increased APOE secretion in most of the models, including ltNES, without showing any astrocyte specificity. Interestingly, NES-Astro showed a significant increase of APOE secretion in response to the cholesterol biosynthesis annotated compound, GANT61, in accordance with previous findings for primary astrocytes (Finan et al., 2016) . A tendency toward increased APOE secretion for GANT61 could also be observed for phaAstro.
In conclusion, no clear pattern of general astrocytic APOE-modulating compounds could be observed from this pilot screen. Our results clearly indicate the relevance of cellular context during modulation of astrocyte APOE biology.
DISCUSSION
LtNES cells have mainly been used for studying the undirected differentiation process toward a neuronal fate (Falk et al., 2012; Tailor et al., 2013; Zhang et al., 2014) . Using ltNES in this study we show (1) the application of ltNES in directed glia generation using the FHIA protocol, with (2) high reproducibility across hiPSC lines, and (3) proven astrocyte functions including SLC1A3-driven glutamate uptake, immune competence, and calcium responsiveness to neurotransmitters. We also show (4) the use of an animal-free culture system applicable for good manufacturing practice and clinical adaptation, and (5) NES-Astro as a cryopreservable cell model for direct application in pharmacological HTS. For astrocyte modeling, we demonstrate that (1) there is a high variability between models and (2) the selection of the model is dependent on the functionality to be studied.
Global transcriptomic analysis has been applied to profile human primary astrocytes (Malik et al., 2014; Zhang et al., 2016) , human primary NPC-derived astrocytes (Magistri et al., 2016) , hiPSC-derived astrocytes (Pei et al., 2016) , and glioma (Auvergne et al., 2013) . However, a cross-comparison has not previously been performed between human adult primary astrocytes, astrocytoma, and hiPSCderived astrocytes. Our comprehensive analysis of transcriptomic profiling shows clear differences between these astrocyte models, and also the developmental stage of neural stem cell (ltNES) and astroglia (NES-Astro). Protein evaluation corroborated the developmental transition, displaying expression of key glial lineage-associated transcription factors SOX9 and NFIA (Wilczynska et al., 2009) , surface receptor CD44 (Sosunov et al., 2014) , and cytoplasmic Data shown from independent experiments, n = 3, mean ± SEM. Statistical analysis: two-way ANOVA (C and D) and Student's t test (F); *p < 0.05, **p < 0.01, ***p < 0.001. Scale bars, 300 mm.
proteins FABP7 (Howard et al., 2006) and S100B (Steiner et al., 2007) . NES-Astro also showed a strong and homogeneous expression of SLC1A3, a strong indication of astrocyte identity (DeSilva et al., 2012) . Additionally, protein expression patterns confirm the transcriptional diversity that is indicative of differences in model representation. The expression of GFAP, the most common marker used to claim astrocyte lineage, was predominantly absent in Figure 6 . Characterization and Regulation of Endogenous APOE Secretion through APOE-Modulating Compounds (A) Differential expressional analysis of neuronal models to phaAstro including genes linked to brain-associated APOE. (B) Basal APOE secretion levels of neuronal models. (C) APOE secretion levels after compound stimulation. Compound concentration resulting in the highest APOE secretion increase is shown as fold change compared with DMSO control. Data shown from independent experiments, n = 3, mean ± SEM. Statistical analysis: one-way ANOVA (B) and t test (C); *p < 0.05, ***p < 0.001. Corticosterone glucocorticoid receptor (GR) agonist (used as negative control) 5753 1.7 ± 0.5 1.0 ± 0.1 1.3 ± 0.2 1.2 ± 0.0 1.0 ± 0.1 1.2 ± 0.3 1.2 ± 0.2 0.9 ± 0.0 1.1 ± 0.2 1.4 ± 0.5
Dexamethasone GR agonist (used as negative control) 5743 1.4 ± 0.4 0.8 ± 0.0 1.0 ± 0.0 1.4 ± 0.2 1.0 ± 0.1 1.3 ± 0.1 1.4 ± 0.6 1.1 ± 0.3 0.7 ± 0.1 0.2 ± 0.1 Tularik liver X receptor (LXR) agonist 447912 5.6 ± 1.6 1.8 ± 0.6 1.7 ± 0.7 2.1 ± 0.6 0.8 ± 0.0 1.4 ± 0.2 3.5 ± 1.3 16.5 ± 0.3 1.9 ± 0.3 1.4 ± 0.6 GW3965 LXR agonist 447905 1.9 ± 0.5 1.5 ± 0.2 1.6 ± 0.1 1.1 ± 0.3 1.0 ± 0.1 1.4 ± 0.1 1.1 ± 0.0 17.7 ± 0.5 1.0 ± 0.1 4.9 ± 1.0
Etinostat histone deacetylase (HDAC) inhibitor 4261
7.3 ± 0.3 8.6 ± 1.3 4.0 ± 0.5 3.7 ± 0.7 4.1 ± 0.7 2.7 ± 0.5 5.4 ± 0.6 11.9 ± 1.3 11.6 ± 0.6 1.7 ± 0.3 Amidarone calcium channel blocker 2157 0.9 ± 0.0 1.1 ± 0.1 1.1 ± 0.1 1.0 ± 0.1 1.2 ± 0.2 1.2 ± 0.2 1.3 ± 0.5 1.5 ± 0.3 1.4 ± 0.2 1.1 ± 0.2 Loperamide m-opioid receptor agonist 3955 1.0 ± 0.1 0.9 ± 0.1 0.8 ± 0.1 1.2 ± 0.0 1.5 ± 0.5 1.3 ± 0.2 1.4 ± 0.3 1.5 ± 0.0 1.3 ± 0.0 1.5 ± 0.5 AY9944 cholesterol biosynthesis DHCR7 inhibitor 9704 2.1 ± 0.1 1.1 ± 0.0 1.0 ± 0.0 1.5 ± 0.3 1.0 ± 0.1 1.0 ± 0.0 1.2 ± 0.2 1.5 ± 0.4 0.9 ± 0.0 1.8 ± 0.2 GF109203X cholesterol biosynthesis DHCR24 inhibitor 2396 1.1 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 1.1 ± 0.0 1.2 ± 0.1 1.3 ± 0.1 1.7 ± 0.1 1.0 ± 0.0 2.2 ± 0.5 2.1 ± 0.2 GANT61 cholesterol biosynthesis DHCR7 agonist 421610 1.2 ± 0.5 0.2 ± 0.0 0.6 ± 0.0 3.4 ± 0.7 4.1 ± 1.9 2.7 ± 0.5 0.8 ± 0.0 1.6 ± 0.3 3.8 ± 1.8 0.6 ± 0.1
Fold change values from simulated APOE secretion compared with DMSO control are specified for each compound and cell type (fold change ± SEM). Data shown from independent experiments, n = 3. Significant increases compared with DMSO control are highlighted in boldface. See also Figure S6 for experimental procedure. CID, PubChem CID; ltNES, long-term self-renewing neuroepithelial-like stem cells; NES-Astro, ltNES-derived astroglia; iCellAstro, iCell astrocytes; CCF, CCF-STTG1; phaAstro, primary human adult astrocytes; APOE, apolipoprotein E. Stem Cell Reports j Vol. 10 j 1030-1045 j March 13, 2018 1041 the models. However, GFAP is not expressed by all human adult astrocytes including protoplasmic astrocytes (DeSilva et al., 2012) , highlighting the importance of studying the role of GFAP in astrocytes in relation to their developmental stage and cellular subtypes.
To further study astrocyte biology in vitro it is important that the model represents main astrocytic functional features, including maintaining glutamate homeostasis, as observed around the synaptic cleft (Schousboe et al., 2013) . NES-Astro showed a significantly higher active uptake of glutamate compared with the other astrocytic models, which did not show any difference compared with non-astrocytic nor non-neuronal models. Astrocyteassociated SLC1A3 was only expressed in NES-Astro (AF22/C1/C9), and significantly contributed to the glutamate uptake. Linking functional glutamate uptake to a specific astrocyte-associated glutamate transporter has not previously been shown using hiPSC-derived astrocytes (Chen et al., 2014; Gupta et al., 2012; Krencik et al., 2011; Palm et al., 2015; Santos et al., 2017; Serio et al., 2013; Shaltouki et al., 2013) .
Astrocyte reactivity is a process to limit tissue damage and cell stress and restore normal tissue homeostasis. The reactivity is gradual and circumstantial, linked to specific types of neuropathology, and is characterized by brain region, niche, severity, and delimiting features (Sofroniew, 2015) . The inflammatory competence of astrocytes is a key biological function. The high basal secretion of inflammatory cytokines observed in CCF, iCellAstro, and phaAstro during non-stimulated conditions correlates with results found in previous studies (Santos et al., 2017; Tcw et al., 2017) . A common factor between these models is that they are cultured with FBS that has been shown to induce an inflammatory active state also during ''nonstimulated'' conditions (Magistri et al., 2016; Zhang et al., 2016) . NES-Astro cells, which are cultured without FBS, had almost no secretion of inflammatory cytokines under non-stimulated conditions. NES-Astro also responded to pro-inflammatory stimulation in a dose-dependent manner, demonstrating robust immune competence. Additionally, NES-Astro morphologically display a stellate phenotype similar to acutely isolated primary astrocytes, a phenotype shown to be lost upon FBS treatment (Zhang et al., 2016) .
Astrocytic calcium signaling and subsequent response effects have been intensely discussed (Bazargani and Attwell, 2016) , suggesting that improved in vitro modeling to accompany in vivo findings would be beneficial. Mechanical stimulation has been previously proven to induce calcium response in astrocytes (Krencik et al., 2011; Santos et al., 2017; Serio et al., 2013) , as also indicated by the injection controls for all models in this study. However, only NES-Astro AF22/C1/C9 and phaAstro responded to ATP, whereas NES-Astro C1/C9 was the only glutamate-responsive astrocyte model. Calcium responses have previously been described following ATP (Serio et al., 2013) and glutamate (Tcw et al., 2017; Zhang et al., 2016) treatments. ATP and glutamate responsiveness can discriminate between a fetal and adult stage, respectively, and it has been suggested that the latter is acquired by astrocytes after mid-gestation (Zhang et al., 2016) . In comparison with acutely isolated human primary adult astrocytes (Zhang et al., 2016) , NES-Astro (C1) display similar calcium signaling patterns with heterogeneous ATP and homogeneous glutamate responses. It would be interesting to speculate whether NES-Astro calcium signaling responsiveness could be linked to its high level of human astrocyte-specific RYR3 expression (Zhang et al., 2016) , but this needs further extensive studies. The diversity in glutamate-responsive cell populations of 0%, 66%, and 83% between hiPSCderived NES-Astro lines AF22, C1, and C9, respectively, could indicate different developmental stages and level of maturation, which could provide a future tool to study the functional development of astrocytes.
Screening for APOE-modulating compounds in astrocytes have been performed using CCF and human primary fetal astrocytes (Fan et al., 2016; Finan et al., 2016) . To our knowledge the application of hiPSC-derived astrocyte in comparison with human primary adult astrocytes in an APOE screening assay has not previously been shown.
In agreement with previous reports (Fan et al., 2016; Finan et al., 2016) , the responses in APOE secretion are much greater in CCF than in any of the other models, which might be reflected by its transcriptomic profile. The study by Finan et al. reported high responses in CCF and low responses in primary astrocytes to the LXR agonist Tularik (Finan et al., 2016) and GW3965 (Fan et al., 2016) , which is confirmed in our study. The HDAC inhibitor MS-275 has been shown to modulate APOE expression (Sylvain et al., 2013) , a response observed in almost all models, indicating that the compound is not astrocyte specific. The three cholesterol biosynthesis annotated compounds were selected to differentially target cholesterol-associated proteins DHCR24 and DHCR7 (Finan et al., 2016) . GF109203X, a DHCR24 inhibitor, significantly increases APOE secretion in phaAstro ( Figure 5C ), which also have been observed in human fetal astrocytes (Finan et al., 2016) . In contrast to AY9944 (a DHCR7 inhibitor) the DHCR7 agonist, GANT61, showed a significant effect and increased tendency of APOE secretion in NES-Astro (AF22/ C1) and phaAstro, respectively. Together with previously published data on human fetal astrocyte response to cholesterol biosynthesis modulators (Finan et al., 2016) , we can confirm these hits in human adult primary (phaAstro) and hiPSC-derived astrocytes (NES-Astro) and highlight this pathway as a future potential target of interest.
Taken together, based on this pilot screen there is a lack of consistency regarding astrocyte-specific APOE modulators. A possible explanation could be the large model diversities observed in the transcriptomic, protein, and functional characterization. These results emphasize the importance of comparing several astrocyte models to understand the biological relevance of screening data. However, the exciting results presented in this study introduce iPSC-derived astroglia as an additional valuable tool for screening.
EXPERIMENTAL PROCEDURES
Long-Term Neural Epithelial Stem Cell Culture
We previously showed that ltNES could be generated from several hiPSCs and hESCs (Falk et al., 2012) . Generation of ltNES lines have been performed previously (iPS Core at Karolinska Institutet) from human hiPSC lines AF22 (Falk et al., 2012) , C1 (Shahsavani et al., 2017) , and C9 (Uhlin et al., 2017) , which represent a variation in gender, age, and reprogramming technique.
ltNES-Derived Astroglia Differentiation
ltNES cells were plated at 60,000 cells/cm 2 on 2 mg/cm 2 poly-Lornithine and 0.2 mg/cm 2 laminin (PLO-Laminin) (Sigma, St. Louis, MO) double-coated culture vessels in FHIA-differentiation medium; DMEM/F12, N2 supplement (1:100; Invitrogen, Carlsbad, CA), B27 (1:100; Invitrogen), FGF2 (8 ng/mL; PeproTech, Rocky Hill, NJ), heregulin 1b (10 ng/mL; Sigma), IGF1 (200 ng/mL; Sigma), activin A (10 ng/mL; PeproTech). The medium was changed every other day and cells were passaged once they reached 80% confluence; 7-9 passages during the differentiation protocol of 28 days. This was performed for ltNES lines AF22, C1, and C9 generating the NES-Astro phenotype for each line. For a complete animal free system the regular B27 (0080085SA, 1:100, Invitrogen) was exchanged for Xenofree B27 (A1486701; 1:100; Invitrogen) and the double coating of PLO-Laminin (both from Sigma) for Laminin 521, 1 mg/cm 2 (Biolamina, Sweden). Gene expression was assessed by applying real-time qPCR using TaqMan Assays (Applied Biosystems, Foster City, CA). Proliferation during differentiation was assessed by estimation of doubling time via cell count using a Cedex HiRes Analyzer (Roche, Switzerland).
Cells
Human brain astrocytes (HBA) were purchased from Neuromics (Edina, MN), and iCell astrocytes from Cellular Dynamics International (Madison, WI), while the astrocytoma cell line CCF-STTG1 and HEK293 cells were both purchased from ATCC (Manassas, VA). A summary of cell lines included in the different experiments is specified in Table S7 .
Immunocytochemistry
Immunocytochemistry was performed according to standard methods applying blocking procedures followed by primary and secondary antibody staining and ending with nuclei staining. Details of primary, secondary, and iso-type control antibodies are presented in Table S1 .
Transcriptomic Analysis
Total RNA was isolated for all samples and run using Illumina products and an Illumina NextSeq 500 Sequencer (Illumina, San Diego, CA). The raw count data were processed using DESeq2 according to previously published methods (Love et al., 2014) followed by more in-depth bioinformatics analysis including principal component analysis, Pearson correlation analysis of samples and gene pairs, and differential gene expression analysis.
Glutamate Clearance Assay
Glutamate reduction was measured on medium samples using a Glutamine/Glutamate Determination Kit (Sigma) at sequential time points for 60 min. To modulate specific glutamate transporters, we used UCPH 101 (Abcam, UK) and WAY 213613 (Tocris, UK) to inhibit SLC1A3 and SLC1A2, respectively.
Inflammatory Assay
Inflammatory response was assessed by incubating each cell model for 24 or 48 hr with 10 or 50 ng/mL recombinant human TNF-a, or 10 or 50 ng/mL recombinant human IL-1b (both from R&D systems). IL-6 and IL-8 cytokines in the samples were quantified using the MultiCyt QBeads assay according to the manufacturer's instructions with an assay miniaturization modification (Intellicyt, Albuquerque, NM, USA).
Calcium Signaling Response
Calcium signaling responses were measured using Calcium5 (Molecular Devices) following stimulation with 3 mM ATP, 3 mM L-glutamic acid (both from Sigma), or 200 mM DHPG (Tocris). Images were taken with 203 magnification at 0.5-s intervals for 2 min. Image analysis, to extract single cell responses, was performed using Fiji (Schindelin et al., 2012) . Subsequent data analysis was performed using TIBCO Spotfire (TIBCO Software, CA, USA).
APOE Stimulation and Quantification
APOE secretion was measured on medium samples using a sandwich ELISA, which were adapted to a screening setting through semi-automation. To modulate APOE secretion we treated all cellular models with 10 different compounds, respectively. All compounds are available in the public domain and are presented in Table 1 with PubChem CID.
Statistical Analysis
Student's t test and one-and two-way ANOVA statistical analysis were used. Specifically, for RNA-seq analysis DEseq2, principal component analysis, and Pearson correlation analysis were applied.
ACCESSION NUMBERS
The accession number for the RNA-seq data reported in this paper is GEO: GSE109001. 
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